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High-resolution experimental data for the low-energy electron diffraction fine structure in %(110)
are analyzed using a one-dimensional model potential barrier used previously for %(001). The mea-
sured fine structure is reproduced very well for both surfaces, and the optimum barriers are similar.
The position of the image plane in %(110),however, is approximately 0.2—0.3 a.u. Farther from the
outermost layer of atoms than in %'(001). This is in good agreement with the results of self-
consistent electronic-structure calculations reported by Jepsen and Jones in the preceding paper.
I. INTRODUCTION
The last decade has seen continuing improvement in ex-
perimental techniques for studying surfaces, an example
being the high resolution obtained in low-energy diffrac-
tion (LEED) measurements. ' The fine structure observed
at low energies provides us with the most sensitive test
presently available of the details of the scattering potential
for electrons at surfaces. The "surface barrier" problem,
particularly for metal surfaces, has been of interest for
many years. Among many simple models proposed was
one based on self-consistent electronic-structure calcula-
tions for a five-layer W(001) film:
t 1 —exp[A(z —zo)]]/[2(z —zo)), z (zoV(z)= .
—Uo/tA exp[ —8(z —zo)]+1I, z )zp.
A and 8 are determined by matching V(z) and its normal
derivative at z=zo (A = —1+2Up/A, 8=Un/A). The
parameters which enter are the position of the image
plane zo, the bulk inner potential Uo, and I,, which deter-
mines the range of transition between the vacuum and
bulk potentials. The value of the potential at z =zo is
—A, /2. Small values of A, produce a strongly saturated
barrier, while larger values lead to one closely resembling
the modified image barrier used in earlier work. Nega-
tive values of A lead to barriers with an unphysical form,
so that A, cannot be larger than 2 Uo. Since the
electronic-structure calculations for W(001) suggest a
value of A, -Uo, the barrier height at the image plane
should be about half of the inner potential.
The image plane position remains the subject of much
interest. It determines not only the interaction potential
of an electron far from the surface,
V(z) =1/[2(z —zo)],
of calculations of the static image-plane position (zs,
relative to the edge of the positive background) are shown
in Table I for the jellium model of a metal surface for dif-
ferent bulk electron densities. In this model, the image
plane lies outside the edge of the uniform positive back-
ground. If the latter can be associated with the plane
midway between two atomic layers, values of zo relative
to this plane should lie in the range 2.5—3.5 a.u. for most
metal surfaces.
The improvement in experimental resolution has meant
that discrimination between different models as descrip-
tions of real surfaces is becoming possible. In the case of
W(001), our previous work' showed that a barrier of the
form (1) with (zo, A, ) values in a narrow valley between
(2.6, 1.1) and (3.3,0.7) could reproduce measured features
in high-resolution LEED data very well, with an optimum
barrier near (2.9,0.9). This value of zo is very close to that
found from fitting the results of the film calculations for
the same surface. It is natural to ask whether the same
model barrier can be applied to other materials and to
other faces of tungsten.
The measured anisotropies in work function and inner
potential show that different crystal surfaces have dif-
ferent potential distributions. The work functions 4 of
the (110), (100), and (111) surfaces of tungsten, for exam-
ple, are 5.25, 4.63, and 4.47 eV, respectively, i.e., 4 de-
creases with decreasing density of surface atoms. The
inner potential Uo is approximately 1 eV greater for
W(110) than for W(001). A comparison of LEED fine-
structure calculations with experiment was performed re-
cently for W(001) and W(110) by Baribeau et al. The
model barrier they used was similar to (I), but with the
TABLE I. Distance of image plane from jellium background,
zJ, for different values of r, .
but gives the center of mass of the surface charge density
induced by a weak uniform electrostatic field outside the
surface. The dynamic image-plane position for time-
dependent external fields determines the van der %aals in-
teraction between an atom and a metal surface. Results
Ref. 4
1.61
1.30
Ref. 5
1.61
1.42
1.23'
Ref. 6
1.57
1.35
1.25
1986 The American Physical Society
P. J. JENNINGS AND R. O. JONES 34
II. METHOD OF CALCULATION
AND APPLICATION TO %(I10)
The method used to analyze LEED fine-structure data
has been described in detail elsewhere. ' The geometry of
the surface is assumed to be the same as in the bulk, i.e.,
as shown in Fig. 1(a) of the preceding paper, ' and the
h
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FIG. 1. Comparison of calculated (connected crosses,
zo —— 3.0, A, =0.85, energy mesh 0.01 eV) and experimental
(points} fine structure for W(110) for the [11]azimuth.
inner potential in the outermost atomic layer different
from the bulk value. They concluded that the difference
is nearly 4 eV in W(001), but only 0.5 eV in W(110).
Furthermore, the location of the image plane, zo, was
predicted to be significantly closer to the surface in
W(110) (zo ——2.72 a.u. ) than in W(001) (zo ——3.67
a.u.).
In the preceding paper, Jepsen and Jones' described the
results of self-consistent electronic-structure calculations
of the W(110) surface and compared the form of the po-
tential distribution with earlier results for W(001). ' This
comparison showed that the larger inner potential on the
more densely packed W(110) surface was associated with
a barrier origin, zo, approximately 0.3 a.u. farther from
the surface than in W(001}, i.e., a trend opposite to that
predicted by Baxlbeall er 0/. In tlm preselit woi k, we
analyze high-resolution LEED data on %'(110) using a
model barrier of the form (1}. In Sec. II we outline the
method used and compare calculated intensity curves with
experiment, and in Sec. 111 we discuss the results and the
consequences both of this work and the electronic-
structure calculations of the preceding paper. ' Our con-
cluding remarks are contained in Sec. IV.
scattering potential for electrons to have muffin-tin form.
The (energy-dependent) bulk and surface damping param-
eters have the forms used previously for W(001). In gen-
eral, the remaining parameters Uo, zo, and k are also
energy-dependent and, in the case of Uo, this can be
found from the positions of the Bragg peaks. The connec-
tion between Uo(zo) and A, noted above implies a related
energy dependence of A,(E). In the analysis of W(001)
(Ref. 2) and in the present work we have assumed
A,(E)= Uo(E)A, (0)/Uo(0) . (3)
The first step in the analysis is then to determine
Uo(E}, followed by the optimization of the parameters
A, (0) and zo. We have performed an extensive series of
calculations without relativistic effects, and refined the
barrier using a fully relativistic program. " Our earlier
calculations on W(001) showed that some features present
in non-spin-polarized measurements can be traced unam-
biguously to the effects of spin and cannot be reproduced
by calculations which neglect them. The calculations of
W(001) and the present work on W(110) show, however,
that the spin dependence of the fine-structure peak posi-
tions is small.
The data base for the present study is taken from the
work of Baribeau, Carette, and co-workers ' ' for the
specular (00) beam. This beam is the most suitable for
fine-structure analysis, since its position remains fixed for
a constant angle of incidence, and it is observable for all
energies in the range 0—20 eV, where the most pro-
nounced fine structure occurs. In the [11]azimuth, ' the
fine structure associated with the (1 1) emergence occurs
near 8 eV, and for the (10) and (01) beams, near 15 eV.
The [11] azimuth has emergences near 9 eV [(10),(01)]
and 15 eV [(11)],and the [01] azimuthal plane, an emer-
gence near 6 eV [(01)]. The emergence of degenerate
beams leads to very weak oscillations in all cases. We
study here the remaining thresholds, for [11] with
8=70', 80'; [01] with 8=60',70', and [11] with
8=45', 60', 75'. The Bragg-peak positions show that Uo is
close to 15 eV at incident energy E near zero, falling to 14
eV near E =10 eV and to 13.5 eV for E-20 eV. The
low-energy value is similar to that found in other work, 8
and the variation with energy very similar to that found
in Cu(001), ' Ni(001), ' and W(001). The energy depen-
dence of A, [Eq. (3)] was determined from this behavior.
As noted above, an extensive optimization of the pa-
rameters zo, A, was performed using a nonrelativistic pro-
gram. ' The results show two features which we and oth-
ers have noted in earlier work. ' (i) For each incident
condition (8,$} there is a narrow valley in zo, A, space
where the model barrier reproduces the experimental data
well. Moving the barrier farther from the surface (in-
creasing
~
zo
~
) while increasing the range of transition
from vacuum to bulk (decreasing A, ) results in barriers
with qualitatively similar shapes and scattering properties.
However„ the va11ey has steep sides. If we increase both k
and
~
zo ~, for example, there are dramatic changes in the
calculated fine structure. (ii) For a given azimuth the op-
timum value of A, increases slightly with increasing 8.
This was also apparent for W(001) and, while it may be
evidence for a velocity-dependent or three-dimensional ef-
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feet, ' it is small and may reflect no more than a systemat-
ic experimental uncertainty. It is important to note that
the interference origin of the fine structure means that
several distinct regions of zo, A, space exist for which satis-
factory agrenrient with experiment can be obtained. ' "
The barrier was refined in the region with zo values
similar both to those found for the W(001) surface and in
electronic-structure calculations for W(110) (Ref. 10)
(~.6(
I zo I & 3.5 and 0.7 ()i, & 1.0). We used the relativ-
istic method described earlier, ' '" with a fine mesh for
the barrier parameters (Mo —0.05, b, A, =0.05) and an en-
ergy mesh of 0.01 eV. The data were for the incident con-
ditions given above. With one exception ([11] azimuth,
8=45'), at least four (usually six to eight) maxima and
minima are resolved clearly for each curve. In the present
analysis, we focus on the relative positions of these extre-
ma, and have adjusted the experimental energy scales by a
small amount ((0.1 eV) so that the last well-resolved
maximum prior to threshold coincides with the calculated
peak. Our optimization procedure does not use the rela-
tive intensities of the peaks. These are affected most by
changes in the damping parameters, and these are fixed in
the present calculations.
III. RESULTS AND DISCUSSION
In Figs. 1—3 we compare the measured fine structure
with calculations for a non-spin-polarized incident elec-
tron beam using the optimum barrier parameters for each
set of incident conditions. As in the case of W(001), we
find in each case a narrow valley in zo, A, space for which
satisfactory agreement can be found. In the case of the
[11]azimuth, for example, the results with barrier param-
eters —3.1,0.9 and —3.2,0.85 are virtually indistinguish-
able. The comparison is shown for parameters near the
center of each valley. It is apparent that a very good fit to
the experimental fine structure can be found in all cases.
The values of zo and A, which give the best fits to the
experimental data depend only weakly on incident and az-
imuthal angles. For fixed P, there is a tendency for A, to
increase with increasing 8. Although the beam giving rise
to the fine structure in the [ll] azimuth emerges at
higher energies (15—18 eV) than for the other incident
conditions discussed here, the value of A.(0) is not signifi-
cantly different. The assumed energy dependence of A,
[Eq. (3)] means that the actual value of A. is smaller. The
results for the [11] azimuth give an optimum zo value
slightly closer to the surface. In fact, a barrier with pa-
rameters zo=3. 1 a.u. and A, =0.90 a.u. ' reproduces the
experimentally resolved fine structure very well, i.e., it can
describe the relative positions of the intensity maxima and
minima with an accuracy close to the resolution of the ap-
paratus. The latter depends, of course, on the width of
the extremurn. '
The barrier parameters found for W(110) are remark-
ably similar to those for W(001), and the two barriers are
shown in Fig. 4. Apart from the difference in the inner
potential, the main difference is the position of the image
plane, which is farther from the outermost atomic layer in
W(110). In spite of the uncertainty in the determination
of the barrier parameters, this is a significant difference.
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FIG. 2. Comparison of calculated (connected crosses,
zo ——3. 1, A, =0.9, energy mesh 0.01 eV) and experimental
(points) fine structure for W(110) for the [01]azimuth.
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FIG. 3. Comparison of calculated (connected crosses,
zo ——3.1, X=0.9, energy mesh 0.01 eV) and experimental
(points) fine structure for W(110) for the [11]azimuth.
P. J. JENNINGS AND R. O. JONES 34
CX
-1.0
-10
FIG. 4. One-dimensional barrier models. Chain curve: im-
age potential with zp ——2.9 a.u. ; solid curve: %'(001) with
zo ——2.9 a.u. , ~=0.9 a.u. ', Up ——1.0 Ry; dashed curve:
%(110)with zp ——3. 1 a.u, , A, =0.9 a.u. , Up=1. 1 Rp.
The same method for comparing theory and experiment
was used for both surfaces, and the narrow valleys in zo, A,
space leading to a very good fit are translated almost rig-
idly by -0.3 a.u. It is satisfying that the magnitude and
sign of the difference is consistent with the results of the
electronic-structure calculations for the two faces. We be-
lieve that electronic-structure and high-resolution LEED
calculations provide complementary information essential
to an understanding of the potential barrier at metal sur-
faces.
As noted above, Baribeau et a1. have also performed a
barrier analysis on W(001) and W(110). For the latter, the
data base included the first four maxima and minima for
8=50', 65', and 80' along the [11] azimuth, and 8=85'
along the [Tl] azimuth. They were able to reproduce the
experimental fine structure very well. Apart from the ab-
sence of relativistic effects in their calculations, an essen-
tial difference between their work and ours is that they al-
lowed the outermost atomic layer to have a different
muffin-tin zero, V„ from that in the bulk. The film cal-
culations in Ref. 10 suggest that the outermost atomic
layer in W(001) has a less attractive potential than in the
bulk, but the difference between the two surfaces is less
than 4 eV for electrons below the Fermi energy. Baribeau
et al. found that the image plane in W(110) lies substan-
tially closer to the outermost atomic layer than in W(001),
and present arguments why this should be so. The
density-functional calculations show, however, that the re-
verse should be true.
IV. CONCLUDING REMARKS
The comparison of calculated and measured high-
resolution LEED fine structure performed here has shown
that, with reasonable parameters for the bulk and surface
damping, the fine structure can be reproduced very well
using one-dimensional barriers with a smaH range of pa-
rameters near zo =3.1 a.u. and A, =0.9 a.u. The op-
timum barrier is only weakly dependent on incident and
azimuthal angles in the range considered.
The weak dependence of the optimum one-dimensional
barrier on incident conditions indicates that velocity-
dependent, three-dimensional, and thermal effects are less
important to fine-structure studies than the overall barrier
shape. However, the absence of unambiguous evidence
for these effects does not imply that they are negligible.
The electronic-structure calculations for both W(001) and
W(110) show pronounced non-muffin-tin contributions to
the effective potential experienced by electrons below the
Fermi energy, and similar effects will certainly occur for
incident low-energy electrons.
These calculations complete a set of parallel LEED and
self-consistent electronic-structure calculations on W(001)
and W(110). The results of the W(001) electronic-
structure calculations were the basis for the barrier model
we have adopted [Eq. (1)], and it is encouraging that the
difference between the image planes for the two surfaces
determined for the two surfaces in the electronic-structure
calculations has the same sign and magnitude as deter-
mined by LEED. In view of the ambiguities inherent in
the study of any interference phenomenon, we believe that
the electronic-structure calculations complement the elec-
tron scattering work in an essential way.
The improvement in resolution in LEED measurements
in recent years has meant a continuing refinement of sur-
face barrier models. The model used here is based on the
results of detailed electronic-structure calculations, and is
capable of further refinement by introducing three-
dimensional components (e.g., of the form found in the
present film calculations) or a layer-dependent inner po-
tential. It is important to note, however, that it is im-
practicable to adjust all of the parameters describing the
scattering potential. Some potential terms; in particular,
those describing inelastic processes, have not been opti-
mized in the present work. Damping effects are most
clearly evident in the absolute refiectivities, for which rel-
atively few data are available. Accurate estimates of abso-
lute intensities would then be a valuable aid in discrim-
inating between different barrier models. Furthermore, it
has been shown by Gaubert et al. ' that the ability to
resolve fine structure depends strongly on the propagation
direction of the preemergent beam relative to the plane of
incidence, so that the effective experimental resolution
may be substantially less than the nominal energy resolu-
tion of the apparatus.
Although the electronic-structure and LEED calcula-
tions result in a consistent picture of the surface barriers
in W(001) and W(110), the detailed study of other effects
remains open. This will require more very-high-resolution
data on these and other surfaces. The acquisition of such
data remains a difficult challenge to the experimentalist,
and its interpretation will require thorough analysis using
a correspondingly fine energy mesh.
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